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Description

Technical Field/Field of the Disclosure

[0001] The present disclosure relates to surveys in a
measurement while drilling (MWD) system, and more
particularly to processing methods for data collected by
MWD sensors.

Background of the Disclosure

[0002] Accurately and precisely determining the posi-
tion and orientation of a drilling assembly during drilling
operations is desirable, particularly when drilling deviat-
ed wells. Traditionally, a combination of sensors is used
to measure downhole trajectory and subterranean con-
ditions. Data collected in this fashion is usually transmit-
ted to the surface via MWD-telemetry known in the art
so as to communicate this trajectory information to the
surface. Many factors may combine to unpredictably in-
fluence the trajectory of a drilled borehole. Accurate de-
termination of the borehole trajectory is necessary to de-
termine the position of the borehole and to guide the bore-
hole to its geological objective as well as avoiding colli-
sions with underground objects, geological features,
wells, or zones. In other cases, it is desired to intercept
underground objects, geological features, wells, or
zones.

[0003] In some instances, surveying of a borehole us-
ing conventional methods involves the periodic meas-
urement of the Earth’s magnetic and gravitational fields
to determine the azimuth and inclination of the borehole
at the bottom hole assembly. Historically, this determi-
nation has been made while the bottom hole assembly
is stationary. Consequently, the along-hole depth or
borehole distance between discrete survey stations is
generally from 30 to 60 to 90 feet or more, corresponding
to the length of joints or stands of drillpipe added at the
surface. Error accumulated between multiple survey sta-
tions caused by, for example, the presence of physical
factors or anomalies may skew measurement accuracy.
For example, MWD systems which rely on magnetome-
ters may be influenced by magnetic interference both on
and off the drill string. Additionally, gyrocompasses nat-
urally tend to lose accuracy at higher inclinations which
may reduce overall survey accuracy in gyrocompass
MWD systems. The research paper "Introduction to well-
bore positioning”,,; Angus Jamieson, 1 January 2012
(2012-01-01), pages 1pp, 1-164, discloses prior art meth-
ods for computing the orientation of a MWD system.

Summary

[0004] The present disclosure provides for a method
for computing the orientation of a MWD system in a bore-
hole according to claim 1.

[0005] Preferred embodiments are disclosed accord-
ing to dependent claims 2-11.
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Brief Description of the Drawings

[0006] The present disclosure is best understood from
the following detailed description when read with the ac-
companying figures. Itis emphasized that, in accordance
with the standard practice in the industry, various fea-
tures are not drawn to scale. In fact, the dimensions of
the various features may be arbitrarily increased or re-
duced for clarity of discussion.

FIG. 1 depicts a drilling operation including a MWD
system consistent with embodiments of the present
disclosure.

FIG. 2 depicts a block diagram of the sensors of a
MWD system consistent with embodiments of the
present disclosure.

FIG. 3 depicts an alternate block diagram of the sen-
sors of a MWD system consistent with embodiments
of the present disclosure.

FIG. 4 depicts a survey operation of a MWD system
consistent with embodiments of the present disclo-
sure.

FIG. 5 depicts a flow chart of an exemplary survey
operation consistent with embodiments of the
present disclosure.

FIG. 6 depicts a flow chart of an exemplary iterative
survey operation consistent withembodiments of the

present disclosure.

Detailed Description

[0007] Itis to be understood that the following disclo-
sure provides many differentembodiments, orexamples,
for implementing different features of various embodi-
ments. Specific examples of components and arrange-
ments are described below to simplify the present dis-
closure. These are, of course, merely examples and are
not intended to be limiting. In addition, the present dis-
closure may repeat reference numerals and/or letters in
the various examples. This repetition is for the purpose
of simplicity and clarity and does not in itself dictate a
relationship between the various embodiments and/or
configurations discussed.

[0008] FIG. 1depicts the drilling of a deviated borehole
with a drill string carrying a measurement while drilling
(MWD) system. More particularly, drilling rig 10 at surface
15 is shown drilling borehole 20. Drill string 101 is made
up of numerous sections of pipe and includes bottom
hole assembly 103 and drill bit 105. As understood in the
art, the sections of pipe are threadedly connected and
are connected to the top of drill string 101 at drilling rig
10 as borehole 20 is drilled to increase the length of drill
string 101. The pipe sections are often added as two or
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three pre-connected tubular sections known as a pipe
stand. In an exemplary case, pipe sections may be ap-
proximately 30 feet in length, and pipe stands may be
between 60 and 90 feet in length.

[0009] MWD system 107 may be included in drill string
101. In some embodiments, such as that depicted in FIG.
1, MWD system 107 may be located as a part of bottom
hole assembly 103. In other embodiments, MWD system
107 may be positioned in a different location along drill
string 101.

[0010] As depicted in FIG. 2 an exemplary MWD sys-
tem 207 is depicted as a block diagram. MWD system
207 may include accelerometers 209x, 209y, 209z each
positioned to measure acceleration in mutually orthogo-
nal axes (X, y, z). In particular, the outputs of accelerom-
eters 209x, 209y, and 209z may be used to determine
the Earth’s gravitational force vector relative to MWD sys-
tem 207. In some embodiments, one of the axes (here
depicted as z) may be aligned with MWD system 207.
[0011] MWD system 207 may also include magnetom-
eters 211x, 211y, 211z each positioned to measure mag-
netic flux in the x, y, and z axis respectively. The outputs
of magnetometers 211x, 211y, 211z may be used to de-
termine the Earth’s magnetic field vector relative to MWD
system 207.

[0012] Additionally, MWD system 207 may include
gyro sensor 213. Gyro sensor 213 may, as depicted in
FIG. 2, be a microelectromechanical system (MEMS).
Gyro sensor 213 may be positioned to detect angular
changes in the x, y, and z axes. Although not depicted,
MWD system 207 may also include a data processing
system. Additionally, MWD system 207 may include a
communications apparatus for communicating with sen-
sors located elsewhere on drill string 101 and for com-
municating with surface 15.

[0013] AsdepictedinFIG. 3, an alternate MWD system
307 may include only two accelerometers 309y, 309c. In
such a configuration, y-axis accelerometer 309y may be
positioned to measure acceleration in the y-axis. Cant-
accelerometer 309¢c may be positioned to measure ac-
celeration in a direction in the x-z plane. In some embod-
iments, cant accelerometer 309c may measure acceler-
ation in a direction oriented at 45° between the x and the
z axis in the x-z plane. MWD system 307 may also include
two single-axis gyro sensors 313x, 313z aligned to meas-
ure angular changes in the x and z axes respectively. In
some such embodiments, accelerometers 309y and
309c and single-axis gyros 313x and 313z may be mount-
ed on a gimbal platform rotatable around the z-axis of
the system. When MWD system 307 is still, a compass
shot may be performed by rotating the platform to multiple
positions allowing, for example, removal of sensor biases
as well as determination of the attitude of the tool as
understood in the art. This exemplary embodiment addi-
tionally may enable mechanization of space stabilized
continuous survey modes utilizing the z-axis gyro and/or
y-axis accelerometer for stabilization as understood in
the art. In some embodiments, a continuous reading of
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the attitude of MWD system 307 may be obtained with
respect to the gravity vector determined by accelerome-
ters 309y and/or 309¢ and with respect to true north de-
termined by single-axis gyro 313x. Attitude, as under-
stood in the art, refers to the orientation of MWD system
307 with respect to both gravity (inclination) and either
magnetic north or true north (azimuth). Inclination refers
to the vertical declination between well bore 20 and a
horizontal plane. The horizontal plane may be nominally
defined as a plane normal to a radius of the Earth. Azi-
muth, as understood in the art, may be defined as the
angle of well bore 20 relative to due north as projected
on the horizontal plane.

[0014] Although depicted separately, one having ordi-
nary skill in the art with the benefit of this disclosure will
understand that MWD systems 207 and 307 may of
course be used in a single drill string 101 within the scope
of this disclosure. Furthermore, other configurations of
accelerometers, magnetometers, and gyro sensors as
known in the art may be used without deviating from the
scope of this disclosure. The described configurations
are for reference alone and are not intended to limit the
scope of this disclosure.

[0015] In some embodiments, by combining the read-
ings from two or more sets of sensors measuring different
quantities, usually when the sensors are stationary, an
absolute orientation for drill string 101 can be calculated.
Such an operation is known as a compass shot. For ex-
ample, with reference to FIG. 2, by combining the accel-
erometer readings of accelerometers 209x, 209y, 209z
of the Earth’s gravitational field with the magnetometer
readings of magnetometers 211x, 211y, 211z of the
Earth’s magnetic fields, a so-called magnetic azimuth
may be determined. Instead, with reference to FIG. 3, by
combining the accelerometer readings of accelerome-
ters 309y, 309c of the Earth’s gravitational field with the
gyro readings of single-axis gyro sensors 313x, 313z of
the Earth’s rotation rate, a so-called geographic azimuth
can be determined.

[0016] As understood in the art, the raw sensor data
for each sensor is interpreted according to a sensor-spe-
cific model which takes into account certain sensor model
parameters. Sensor model parameters may be pre-de-
termined before MWD system 107 is used in a drilling
operation. Consequently, the preset values may not re-
flect the actual operation of the sensors during the drilling
operation. The sensor model parameters may be updat-
ed from time to time during the operation of the tool in
which they are positioned. The determination of sensor
model parameters may depend, in part, on comparing
the behavior of the sensors positioned in MWD system
107 at different positions implicit to different orientations
and/or sensor states during a drilling operation. Over the
course of the drilling operation, invariants (such as the
Earth gravity vector, magnetic flux (North), and magnetic
flux (vertical) for a magnetic azimuth calculation as pre-
viously discussed) are measured, and may be reconciled
to their true values by, for example, adapting the sensor
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model parameters in response to observed errors across
multiple observations. In some embodiments, for in-
stance, parameter updates may take the form of a weight-
ed average combination of the measurement observa-
tions. In certain embodiments, sensor-specific models
may include without limitation bias and scale factor cor-
rections. For example, a sensor-specific model for a gyro
sensor may include, but is not limited to, such specifica-
tions as: IEEE Standard Specification Format Guide and
Test Procedure for Coriolis vibratory Gyros, IEEE Stand-
ard 1431, 2004; IEEE Standard Specification Format
Guide and Test Procedure for Single Axis Interferometric
Fiber Optic Gyros, IEEE Standard 952, 1997; IEEE Spec-
ification Format for Single-Degree-of-Freedom Spring-
Restrained Rate Gyros, IEEE Standard 262, 1969 (Rev.
2010).

[0017] During drilling operations, as illustrated in FIG.
4, MWD system 407, positioned on a drill string (not
shown), is moved from a first point P1 to a second point
P2 in borehole 20. P1 may be either above or below P2,
that is closer or further from the surface. In some embod-
iments, P1 and P2 may correspond to the locations of
MWD system 407 when a given pipe stand is fully insert-
ed and fully retracted from borehole 20 respectively.
[0018] Inanexemplary attitude reference computation
procedure 500, with respect to FIGS. 4, 5, the drill string
is stopped, and MWD system 407 is held stationary at
position P1 (501). In some embodiments, P1 may be the
position corresponding with MWD system 407 within
borehole 20 at the completion of the drilling of a pipe
stand. At this point, a compass shot may or may not be
taken (503) using, for example, accelerometer and gyro
sensors or accelerometer and magnetometers depend-
ing on the configuration of MWD system 407.

[0019] MWD system 407 is then placed into attitude
reference mode (505). While in attitude reference mode,
MWD system 407 is configured to make continuous at-
titude reference measurements. In some embodiments,
the attitude reference measurements are in the form of
angular deflection rates of MWD system 407 using, for
example, gyro sensors. For example, as illustrated in
FIG. 5, angular deflection rates as w,, y, O, correspond
to the orientation change rates output by a three-axis
gyro sensor. Other configurations discussed here and
otherwise may instead be used. For example, ina MWD
system 407 utilizing a laser gyro, absolute orientation
change may be output. One having ordinary skill in the
art with the benefit of this disclosure will understand that
any configuration of sensors capable of measuring ori-
entation change rate of MWD system 407 may be utilized
within the scope of this disclosure. For the sake of clarity,
MWD system 407 will be discussed as utilizing a three-
axis gyro sensor.

[0020] The attitude reference measurements are taken
frequently enough to capture essentially all the relative
orientation change taken by MWD system 407 as it
moves along borehole 20. Thus the orientation change
between the endpoints of a given motion within borehole
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20 can be calculated effectively.

[0021] While stationary at P1, gyro sensors in certain
embodiments of the MWD system 407 may be drift tuned
to, for example, remove the bias outputs of the gyro sen-
sors so that angular rates associated with the system’s
orientation change may be determined with better accu-
racy. Given that the system is still, these biases may in-
clude composites of a pure sensor bias and modeled
outputs associated with, but not limited to, the rotation of
the Earth in inertial space and orientation with respect to
gravity. In some embodiments, these biases may also
be used for, for example, the purposes of gyro quality
assessment, model parameterupdate, and/or orientation
determination. In a case where, for example, gyro sen-
sors show little or no departure from their anticipated bias
at standstill, the drift tuning operation may be omitted.
[0022] MWD system 407 may then be moved, by mov-
ing the drill string, to position P2 within borehole 20 (507).
In some embodiments, P2 may be the position corre-
sponding with MWD system 407 within borehole 20 after
withdrawing the drill string the length of the last completed
pipe stand. The traverse of MWD system 407 between
P1 and P2 defines attitude reference interval 450. One
having ordinary skill in the art with the benefit of this dis-
closure will understand that the relative position of P1
and P2 within borehole 20 is arbitrary as long as the depth
of P1 and P2 are known. Such a determination may be
relatively simple as the length of the assembled drill string
is known. Thus, P1 may be closer to the surface (uphole)
or farther from the surface (downhole) than P2.

[0023] While traversing attitude reference interval 450,
MWD system 407 continuously measures angular de-
flection rates w,, Oy, 0. When MWD system 407 reaches
P2, the drill string is stopped, and attitude reference mode
is disabled. The orientation of MWD system 407 at the
downhole position (Pl or P2) is then computed based on
the orientation of the uphole position (P2 or PI) and the
orientation change measured on attitude reference inter-
val 450. This orientation change may be calculated, as
understood in the art, as the integral of the measured
angular deflection rates w,, Oy, 0.

[0024] In some embodiments, the orientation of MWD
system 407 within borehole 20 may be known at one of
P1 or P2 before MWD system 407 traverses attitude ref-
erence interval 450. For example, in an example in which
P1 is the downhole position and corresponds with the
position of MWD system 407 at the completion of drilling
a drill stand, and P2 corresponds with the position of
MWD system 407 at the beginning of drilling the drill stand
(alternatively characterized as the completion of the pre-
vious drill stand), the orientation at P2 may be known.
The orientation at P2 may have been determined by a
compass measurement already taken at this location or
may have been calculated as part of a previous attitude
reference computation procedure 500. In other embodi-
ments, a compass measurement may be taken once
MWD system 407 reaches P2 (509).

[0025] Generally speaking, since the orientation at the
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downhole location is the unknown, and the orientation at
the uphole location is known from previous iterations, a
compass shot may be taken at only the downhole loca-
tion. Depending on whether MWD system 407 moves
from an uphole P1 to a downhole P2 (a "pushdown in-
terval") or a downhole P1 to an uphole P2 (a "pullback
interval"), only one compass shot (503 or 509) is taken.
In other embodiments, orientation of MWD system 407
is calculated only by measurements made during repeat-
ed attitude reference intervals 450, and compass shots
are taken at neither P1 nor P2, though the orientation at
the uphole location is known from the previous iterations.
[0026] The ultimate reference orientation computed by
attitude reference computation procedure 500 for the
downhole unknown position is thus calculated as a
weighted average of the measured orientation change
between P1 and P2 and any compass shots. For exam-
ple, where a compass shot is taken only at the uphole
location, the orientation at the downhole location may be
computed as the vector sum of the orientation deter-
mined by the compass shot and the integral of the angular
deflection rates ,, Oy, O, measured during attitude ref-
erence computation procedure 500.

[0027] Infact,in some embodiments, asingle compass
shot alone may be used for an entire drilling operation.
The compass shot may be made near the surface. The
orientation of MWD system 407 as borehole 20 is drilled
is calculated by repeating attitude reference computation
procedure 500 for each pipe stand used during the drilling
operation. Thus, the orientation of MWD system 407 is
determined as the summation of the orientation changes
between the beginning and completion of each pipe
stand, each orientation change calculated by a separate
attitude reference computation procedure 500.

[0028] In some embodiments, neither P1 nor P2 of a
given attitude reference computation procedure 500 may
correspond to a location having a known orientation. For
example, multiple iterations of attitude reference compu-
tation procedure 500 may exist between the position of
MWD system 407 at the completion and at the beginning
of a single pipe stand. In such an embodiment, attitude
reference interval 450 measurements are repeated and
summed until a P2 with known orientation is reached-i.
e. ata position corresponding to the beginning of the pipe
stand-and the orientation of MWD system 407 at the far-
thestdownhole location of the series of attitude reference
intervals 450 is calculated as the sum of the orientation
intervals leading to the known P2.

[0029] Insome embodiments, given a compass meas-
urement (503 or 509) at P1, P2, or both P1 and P2, multi-
station processing may be applied to better determine
sensor model parameters (513). Such multistation
processing may use data obtained by measurements
through attitude reference computation procedure 500
and, for example, data from a previous attitude reference
computation procedure or data from other sensors.
[0030] For example, tieback processing could be ap-
plied to adapt sensor model parameters for gyro sensors
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in a MWD system. Because compass shots made using
gyro sensors naturally tends to decrease in accuracy at
higher borehole inclinations, adaptations in the sensor
model parameters to account for this degradation may
increase accuracy of subsequent compass shots using
the gyro sensor. In such a case, the azimuth calculated
by the gyro sensor model may be used to correct a com-
pass measurement to match the azimuth as determined
by the attitude reference computation procedure. Alter-
natively, the mass unbalance terms of the gyro sensor
model may be shifted to correct the measured azimuth.
In some cases, a combination of the two approaches may
be used simultaneously. For subsequent compass shots,
the calculated offsets may be applied to, for example,
increase the accuracy of the compass shot whether or
not a subsequent attitude reference computation proce-
dure is carried out. In some embodiments, data from
more than one attitude reference computation procedure
500 may be combined to, for example, improve the ac-
curacy of sensor model parameter estimations. In some
embodiments, comparison of the model parameters cal-
culated from different individual or sets of attitude refer-
ence data may be used to detect sensor damage.
[0031] Similarly, tieback processing may be applied to
the measurements made by magnetometers in a MWD
system. Magnetic interference downhole, caused, for ex-
ample, by the natural or artificial presence of ferromag-
netic materials in the formation surrounding the borehole
and, indeed, by the drill string itself, may cause inaccu-
racy with the proper detection of the Earth magnetic field.
By comparing the azimuth as determined by a compass
shot using the magnetometer with the azimuth as deter-
mined by the attitude reference computation procedure,
the on- and off-drillstring interference may be separated
from the detected Earth magneticfield. Alternatively, one
or more compass shots and/or sections of attitude refer-
ence mode data from the gyro sensors may be compared
simultaneously to one or more magnetic compass shots
to separate the on- and off- drillstring interference from
the detected Earth magnetic field. Thus, interference can
be taken into accountinthe magnetometer sensor model.
Alternatively, in some embodiments, only on-drillstring
interference may be separated from the detected mag-
netic field, allowing for ranging with proximate wellbores
while drilling using the magnetometer.

[0032] Similarly, tieback processing may be applied to
adjust sensor model parameters of accelerometers in a
MWD system.

[0033] In some embodiments, one or more magnetic
compass shots may be compared to one or more gyro
sensor compass shots and/or sections of attitude refer-
ence mode data to correct parameters of the gyro sensor
model. In this case, both magnetic compass shots known
to be free of on- and off- drillstring interference and mag-
netic compass shots corrected using previously deter-
mined adjustments to the magnetometer sensor model
may be used to correct gyro sensor model parameters.
[0034] Insomeembodiments, overlap processing may
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be used to address other sources of inaccuracy. For ex-
ample, as depicted in FIG. 6, two attitude reference com-
putation procedures 603, 607 are carried out with a drill-
ing operation 605 separating them. The measured ori-
entation of the endpointof the first attitude reference com-
putation procedure 603 may be compared with that of
the start of the second attitude reference computation
procedure 607. Since, in theory, both of these positions
should be the same, any inaccuracies (including, for ex-
ample center offset) may be detected and accounted for
in the sensor models. In some embodiments, the match-
ing at the interval boundary may be weighted according
to, for example, estimates of center offset error against
the best estimate of orientation accuracy that could be
made otherwise.

[0035] One having ordinary skill in the art with the ben-
efit of this disclosure will understand that the attitude ref-
erence computation procedures 603, 607 need not be
separated by a drilling procedure, and that drilling pro-
cedure 605 is included simply to illustrate the separation
of the attitude reference computation procedures 603,
607. In other embodiments, multiple attitude reference
computation procedures may be carried out across the
length of a single pipe stand. In fact, although vibrations
associated with drilling procedures may introduce noise
into computation, in some embodiments, attitude refer-
ence computation procedures 603, 607 may be carried
out during drilling procedures 601, 605. Thus orientation
changes may be continuously sampled during the drilling
of the full length of a pipe stand.

[0036] Furthermore, one having ordinary skill in the art
with the benefit of this disclosure will understand that
more than one of the previously described processes
may be utilized during the course of drilling a single well.
By using both tieback and overlap processing, additional
accuracy may be achieved. The weighting of the two
processing methods may be determined by a predeter-
mined error model taking into account the respective ac-
curacies of the two.

Claims
1. A method comprising:

providing a MWD system, the MWD system in-
cluding multiple sensors, wherein at least one
of the multiple sensors is a gyro sensor, wherein
the data collected by the sensors is interpreted
by sensor models having adjustable sensor
model parameters, wherein the sensor model
parameters of the sensor model for the gyro sen-
sor comprise azimuth offset and mass unbal-
ance terms, and wherein the MWD system has
an orientation, the orientation including azimuth
and inclination;

positioning the MWD system on a drill string;
positioning the drill string at a first depth within
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a borehole drilled from a surface location, the
depth measured from the location of the MWD
system to the surface location, the direction of
the borehole at the location of the MWD system
generally being represented by the orientation
of the MWD system;

determining an estimated absolute orientation
for the drill string at the first depth by combining
the readings from two or more sensors of the
multiple sensors of the MWD system when the
sensors are stationary;

moving, by a motion of the drill string, the loca-
tion of the MWD system within the borehole from
a first depth to a second depth;

sensing changes in the orientation of the MWD
system using one or more sensors of the multi-
ple sensors as the MWD system is moved from
the first depth to the second depth; and
calculating the change in orientation of the MWD
system between the first and second depths us-
ing the sensed changes in the orientation of the
MWD system as the MWD system is moved.

2. The method of claim 1, further comprising:

computing a computed orientation of the MWD
system at the second depth using the calculated
change in orientation between the first and sec-
ond depths and estimated orientation of the
MWD system at the first depth; optionally,
further comprising:

moving, by a motion of the drill string, the
MWD system from the second depth to a
third depth;

sensing changes in the orientation of the
MWD system using one or more sensors of
the multiple sensors as the MWD system is
moved from the second depth to the third
depth;

calculating the change in orientation of the
MWD system between the second and third
depths using the sensed changes in the ori-
entation of the MWD system as the MWD
system is moved from the second depth to
the third depth; and

computing a computed orientation of the
MWD system at the third depth using the
calculated change in orientation between
the second and third depths and the com-
puted orientation of the MWD system at the
second depth.

3. The method of claim 1, further comprising:
determining an estimated absolute orientation

for the drill string at the second depth by com-
bining the readings from two or more sensors of
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the multiple sensors of the MWD system when
the sensors are stationary;

computing a computed orientation of the MWD
system at the second depth using the calculated
change in orientation between the first and sec-
ond depths and estimated orientation of the
MWD system at the first depth;

comparing the computed orientation of the
MWD system at the second depth to the esti-
mated orientation of the MWD system at the sec-
ond depth so as to calculate an offset error; and
adjusting one or more of the adjustable sensor
model parameters of one or more sensors of the
multiple sensors in response to the offset error;
optionally,

further comprising:

drilling to a third depth using the drilling
string; and

guiding the drill string during the drilling op-
eration using the at least one adjusted sen-
sor model parameter.

4. The method of claim 1, further comprising:

holding the MWD system still; and

drift tuning the gyro sensor to detect and remove
bias outputs of the gyro sensor; optionally,
wherein the detected bias may be used for at
least one of quality assessment, model param-
eter update, or orientation determination.

The method of claim 1, wherein at least one sensor
of the multiple sensors is a magnetometer, and the
sensor model parameters of the sensor model for
the magnetometer comprise at least one of natural
or artificial magnetic anomalies affecting the mag-
netometer; optionally,

wherein atleastone artificialmagneticanomaly com-
prises a second borehole, and a range between the
MWD system and the second borehole is calculated
using data collected by the magnetometer along the
borehole.

The method of claim 1, wherein at least one sensor
of the multiple sensors is an accelerometer, and the
sensor model parameters of the sensor model for
the accelerometer comprise an acceleration offset.

The method of claim 1, further comprising:

determining an estimated absolute orientation
for the drill string at the second depth by com-
bining the readings from two or more sensors of
the multiple sensors of the MWD system when
the sensors are stationary; and

computing a computed orientation of the MWD
system at the first depth using the calculated
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change in orientation between the first and sec-
ond depths and estimated orientation of the
MWD system at the second depth; optionally,
further comprising:

moving, by a motion of the drill string, the
MWD system from a third depth to the sec-
ond depth;

sensing changes in the orientation of the
MWD system using one or more sensors of
the multiple sensors as the MWD system is
moved from the third depth to the second
depth; and

calculating the change in orientation of the
MWD system between the third and second
depths using the sensed changes in the ori-
entation of the MWD system as the MWD
system is moved from the third depth to the
second depth; and

computing a computed orientation of the
MWD system at the third depth using the
calculated change in orientation between
the third and second depths and the com-
puted orientation of the MWD system at the
second depth; optionally,

further comprising:

determining an estimated absolute orienta-
tion for the drill string at the third depth by
combining the readings from three or more
sensors of the multiple sensors of the MWD
system when the sensors are stationary;
computing a second computed orientation
of the MWD system at the second depth us-
ing the calculated change in orientation be-
tween the third and second depths and the
estimated orientation of the MWD system
at the third depth;

comparing the first computed orientation of
the MWD system at the second depth to the
second computed orientation of the MWD
system at the second depth to calculate an
offset error; and

adjusting one or more sensor model param-
eters of one or more sensors of the multiple
sensors in response to the offset error; op-
tionally,

further comprising:

drilling to a fourth depth using the drilling
string; and

guiding the drill string during the drilling op-
eration using the atleast one adjusted sen-
sor model parameter.

8. The method of claim 1, further comprising
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moving, by a motion of the drill string, the MWD
system from a third depth to a proximate depth,
the proximate depth defined as the closer of the
first and second depths to the third depth;
sensing changes in the orientation of the MWD
system using one or more sensors of the multi-
ple sensors as the MWD system is moved from
the third depth to the proximate depth; and
calculating the change in orientation of the MWD
system between the third and proximate depths
using the sensed changes in the orientation of
the MWD system as the MWD system is moved
from the third depth to the proximate depth.

9. The method of claim 8, wherein the orientation at the
proximate location is known; and
computing a computed orientation of the MWD sys-
tem at the third depth using the calculated change
in orientation of the MWD system between the third
and first depths and the known orientation of the
MWD system at the first depth.

10. The method of claim 1, further comprising:

determining an estimated absolute orientation
for the drill string at the second depth by com-
bining the readings from two or more sensors of
the multiple sensors of the MWD system when
the sensors are stationary;

computing a computed orientation of the MWD
system at the second depth using the calculated
change in orientation and the estimated orien-
tation of the MWD system at the first depth;
comparing the estimated and computed orien-
tations of the MWD system at the second depth
so as to calculate an offset error;

computing a computed orientation of the MWD
system at the first depth using the offset error
and the estimated orientation of the MWD sys-
tem at the first depth; and

adjusting one or more sensor model parameters
of one or more sensors of the multiple sensors
in response to the offset error; optionally,
further comprising:

drilling to a third depth using the drilling
string; and

guiding the drill string during the drilling op-
eration using the at least one adjusted sen-
sor model parameter.

11. The method of claim 1:
further comprising:

determining an estimated absolute orientation
for the drill string at the first and second depths
by combining the readings from two or more sen-
sors of the multiple sensors of the MWD system
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when the sensors are stationary; or,
wherein the moving operation further comprises
drilling into an earthen formation.

Patentanspriiche

Verfahren, umfassend:

Bereitstellen eines MWD-Systems, wobei das
MWD-System multiple Sensoren beinhaltet,
wobei mindestens einer der multiplen Sensoren
ein Gyrosensor ist, wobei die von den Sensoren
gesammelten Daten durch justierbare Sensor-
modellparameter aufweisende Sensormodelle
interpretiert werden, wobei die Sensormodell-
parameter des Sensormodells fiir den Gyrosen-
sor Azimutversatz- und Massenunwuchtterme
umfassen, und wobei das MWD-System eine
Orientierung aufweist, wobei die Orientierung
Azimut und Neigung beinhaltet;

Positionieren des MWD-Systems auf einem
Bohrstrang;

Positionieren des Bohrstrangs in einer ersten
Tiefe innerhalb eines von einer Oberflachenpo-
sition aus gebohrten Bohrlochs, wobei die Tiefe
von der Position des MWD-Systems zu der
Oberflachenposition gemessen wird, wobei die
Richtung des Bohrlochs an der Position des
MWD-Systems im Allgemeinen von der Orien-
tierung des MWD-Systems dargestellt wird;
Bestimmen einer geschéatzten absoluten Orien-
tierung fir den Bohrstrang in der ersten Tiefe
durch Kombinieren der Ablesungen aus zwei
oder mehr Sensoren der multiplen Sensoren
des MWD-Systems, wenn die Sensoren statio-
nar sind;

Bewegen, durch eine Bewegung des Bohr-
strangs, der Position des MWD-Systems inner-
halb des Bohrlochs von einer ersten Tiefe zu
einer zweiten Tiefe;

Erfassen von Anderungen der Orientierung des
MWD-Systems unter Verwendung eines oder
mehrerer Sensoren der multiplen Sensoren,
wahrend das MWD-System von der ersten Tiefe
zu der zweiten Tiefe bewegt wird; und
Berechnen der Anderung der Orientierung des
MWD-Systems zwischen der ersten und zwei-
ten Tiefe unter Verwendung der erfassten An-
derungen der Orientierung des MWD-Systems,
wahrend das MWD-System bewegt wird.

2. Verfahren nach Anspruch 1, ferner umfassend:

Berechnen einer berechneten Orientierung des
MWD-Systems in der zweiten Tiefe unter Ver-
wendung der berechneten Anderung der Orien-
tierung zwischen der ersten und zweiten Tiefe
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und der geschatzten Orientierung des MWD-
Systems in der ersten Tiefe; optional,
ferner umfassend:

Bewegen, durch eine Bewegung des Bohr-
strangs, des MWD-Systems von der zwei-
ten Tiefe zu einer dritten Tiefe;

Erfassen von Anderungen der Orientierung
des MWD-Systems unter Verwendung ei-
nes oder mehrerer Sensoren der multiplen
Sensoren, wahrend das MWD-System von
derzweiten Tiefe zu der dritten Tiefe bewegt
wird;

Berechnen der Anderung der Orientierung
des MWD-Systems zwischen der zweiten
und dritten Tiefe unter Verwendung der er-
fassten Anderungen der Orientierung des
MWD-Systems, wahrend das MWD-Sys-
tem von der zweiten Tiefe zu der dritten Tie-
fe bewegt wird; und

Berechnen einer berechneten Orientierung
des MWD-Systems in der dritten Tiefe unter
Verwendung der berechneten Anderung
der Orientierung zwischen der zweiten und
dritten Tiefe und der berechneten Orientie-
rung des MWD-Systems in der zweiten Tie-
fe.

3. Verfahren nach Anspruch 1, ferner umfassend:

Bestimmen einer geschéatzten absoluten Orien-
tierung fur den Bohrstrang in der zweiten Tiefe
durch Kombinieren der Ablesungen aus zwei
oder mehr Sensoren der multiplen Sensoren
des MWD-Systems, wenn die Sensoren statio-
nar sind;

Berechnen einer berechneten Orientierung des
MWD-Systems in der zweiten Tiefe unter Ver-
wendung der berechneten Anderung der Orien-
tierung zwischen der ersten und zweiten Tiefe
und der geschatzten Orientierung des MWD-
Systems in der ersten Tiefe;

Vergleichen der berechneten Orientierung des
MWD-Systems in der zweiten Tiefe mit der ge-
schatzten Orientierung des MWD-Systems in
der zweiten Tiefe, um einen Versatzfehler zu be-
rechnen; und

Justieren eines oder mehrerer der justierbaren
Sensormodellparameter eines oder mehrerer
Sensoren der multiplen Sensoren als Reaktion
auf den Versatzfehler; optional,

ferner umfassend:

Bohren zu einer dritten Tiefe unter Verwen-
dung des Bohrstrangs; und

Fihren des Bohrstrangs wahrend des Bohr-
vorgangs unter Verwendung des mindes-
tens einen justierten Sensormodellparame-
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4. Verfahren nach Anspruch 1, ferner umfassend:

Stillhalten des MWD-Systems; und
Driftabstimmung des Gyrosensors, um Bias-
Ausgange des Gyrosensors zu detektieren und
zu beseitigen; optional,

wobei der detektierte Bias flir mindestens eine
von Qualitatsbewertung, Modellparameteraktu-
alisierung oder Orientierungsbestimmung ver-
wendet werden kann.

Verfahren nach Anspruch 1, wobei mindestens ein
Sensor der multiplen Sensoren ein Magnetometer
ist und die Sensormodellparameter des Sensormo-
dells fiir das Magnetometer mindestens eine von das
Magnetometer beeinflussenden nattirlichen oder
kinstlichen magnetischen Anomalien umfassen;
optional,

wobei mindestens eine kiinstliche magnetische Ano-
malie ein zweites Bohrloch umfasst und eine Entfer-
nung zwischen dem MWD-System und dem zweiten
Bohrloch unter Verwendung von vom Magnetometer
entlang des Bohrlochs gesammelten Daten berech-
net wird.

Verfahren nach Anspruch 1, wobei mindestens ein
Sensor der multiplen Sensoren ein Beschleuni-
gungsmesser ist und die Sensormodellparameter
des Sensormodells fiir den Beschleunigungsmesser
einen Beschleunigungsversatz umfassen.

Verfahren nach Anspruch 1, ferner umfassend:

Bestimmen einer geschéatzten absoluten Orien-
tierung fur den Bohrstrang in der zweiten Tiefe
durch Kombinieren der Ablesungen aus zwei
oder mehr Sensoren der multiplen Sensoren
des MWD-Systems, wenn die Sensoren statio-
nar sind; und

Berechnen einer berechneten Orientierung des
MWD-Systems in der ersten Tiefe unter Ver-
wendung der berechneten Anderung der Orien-
tierung zwischen der ersten und zweiten Tiefe
und der geschatzten Orientierung des MWD-
Systems in der zweiten Tiefe; optional,

ferner umfassend:

Bewegen, durch eine Bewegung des Bohr-
strangs, des MWD-Systems von einer drit-
ten Tiefe zu der zweiten Tiefe;

Erfassen von Anderungen der Orientierung
des MWD-Systems unter Verwendung ei-
nes oder mehrerer Sensoren der multiplen
Sensoren, wahrend das MWD-System von
derdritten Tiefe zu derzweiten Tiefe bewegt
wird; und
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Berechnen der Anderung der Orientierung
des MWD-Systems zwischen der dritten
und zweiten Tiefe unter Verwendung der er-
fassten Anderungen der Orientierung des
MWD-Systems, wahrend das MWD-Sys-
tem von der dritten Tiefe zu der zweiten Tie-
fe bewegt wird; und

Berechnen einer berechneten Orientierung
des MWD-Systems in der dritten Tiefe unter
Verwendung der berechneten Anderung
der Orientierung zwischen der dritten und
zweiten Tiefe und der berechneten Orien-
tierung des MWD-Systems bei der zweiten
Tiefe; optional,

ferner umfassend:

Bestimmen einer geschatzten absoluten
Orientierung fir den Bohrstrang in der drit-
ten Tiefe durch Kombinieren der Ablesun-
gen aus drei oder mehr Sensoren der mul-
tiplen Sensoren des MWD-Systems, wenn
die Sensoren stationar sind;

Berechnen einer zweiten berechneten Ori-
entierung des MWD-Systems in derzweiten
Tiefe unter Verwendung der berechneten
Anderung der Orientierung zwischen der
dritten und zweiten Tiefe und der geschatz-
ten Orientierung des MWD-Systems in der
dritten Tiefe;

Vergleichen der ersten berechneten Orien-
tierung des MWD-Systems in der zweiten
Tiefe mit der zweiten berechneten Orientie-
rung des MWD-Systems in der zweiten Tie-
fe, um einen Versatzfehler zu berechnen;
und

Justieren eines oder mehrerer Sensormo-
dellparameter eines oder mehrerer Senso-
ren der multiplen Sensoren als Reaktion auf
den Versatzfehler; optional,

ferner umfassend:

Bohren zu einer vierten Tiefe unter Verwen-
dung des Bohrstrangs; und

Fihren des Bohrstrangs wahrend des Bohr-
vorgangs unter Verwendung des mindes-
tens einen justierten Sensormodellparame-
ters.

8. Verfahren nach Anspruch 1, ferner umfassend

Bewegen, durch eine Bewegung des Bohr-
strangs, des MWD-Systems von einer dritten
Tiefe zu einer proximaten Tiefe, wobei die pro-
ximate Tiefe als die ndhere der ersten und zwei-
ten Tiefe zu der dritten Tiefe definiert ist;

Erfassen von Anderungen der Orientierung des
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MWD-Systems unter Verwendung eines oder
mehrerer Sensoren der multiplen Sensoren,
wahrend das MWD-System von der dritten Tiefe
zu der proximaten Tiefe bewegt wird; und

Berechnen der Anderung der Orientierung des
MWD-Systems zwischen der dritten und proxi-
maten Tiefe unter Verwendung der erfassten
Anderungen der Orientierung des MWD-Sys-
tems, wahrend das MWD-System von der drit-
ten Tiefe zu der proximaten Tiefe bewegt wird.

9. Verfahren nach Anspruch 8, wobei die Orientierung
an der proximaten Position bekannt ist; und
Berechnen einer berechneten Orientierung des
MWD-Systems in der dritten Tiefe unter Verwen-
dung der berechneten Anderung der Orientierung
des MWD-Systems zwischen der dritten und ersten
Tiefe und der bekannten Orientierung des MWD-
Systems in der ersten Tiefe.

10. Verfahren nach Anspruch 1, ferner umfassend:

Bestimmen einer geschéatzten absoluten Orien-
tierung fur den Bohrstrang in der zweiten Tiefe
durch Kombinieren der Ablesungen aus zwei
oder mehr Sensoren der multiplen Sensoren
des MWD-Systems, wenn die Sensoren statio-
nar sind;

Berechnen einer berechneten Orientierung des
MWD-Systems in der zweiten Tiefe unter Ver-
wendung der berechneten Anderung der Orien-
tierung und der geschéatzten Orientierung des
MWD-Systems in der ersten Tiefe;
Vergleichen der geschatzten und berechneten
Orientierungen des MWD-Systems in der zwei-
ten Tiefe, um einen Versatzfehler zu berechnen;
Berechnen einer berechneten Orientierung des
MWD-Systems in der ersten Tiefe unter Ver-
wendung des Versatzfehlers und der geschéatz-
ten Orientierung des MWD-Systems in der ers-
ten Tiefe; und

Justieren eines oder mehrerer Sensormodellpa-
rameter eines oder mehrerer Sensoren der mul-
tiplen Sensoren als Reaktion auf den Versatz-
fehler; optional,

ferner umfassend:

Bohren zu einer dritten Tiefe unter Verwen-
dung des Bohrstrangs; und

Fihren des Bohrstrangs wahrend des Bohr-
vorgangs unter Verwendung des mindes-
tens einen justierten Sensormodellparame-
ters.

11. Verfahren nach Anspruch 1:
ferner umfassend:

Bestimmen einer geschéatzten absoluten Orien-
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tierung fur den Bohrstrang in der ersten und
zweiten Tiefe durch Kombinieren der Ablesun-
gen aus zwei oder mehr Sensoren der multiplen
Sensoren des MWD-Systems, wenn die Senso-

a la deuxieme profondeur au moyen de la variation
d’orientation calculée entre les premiére et deuxie-
me profondeurs et d’une orientation estimée du sys-
téme MWD a la premiére profondeur ; et éventuel-

ren stationar sind; oder, 5 lement consistant en outre a:
wobei der Bewegungsvorgang ferner das Boh-
ren in eine Erdformation umfasst. déplacer, par un déplacement du train de tiges
de forage, le systeme MWD de la deuxiéme pro-
fondeur a une troisieme profondeur ;
Revendications 10 détecter des variations dans I'orientation du sys-
teme MWD au moyen d’un ou plusieurs capteurs
Procédé consistant a : des multiples capteurslorsque le systeme MWD
est déplacé de la deuxieme profondeur a la troi-
fournirun systeme MWD, le systéme MWD com- siéme profondeur ;
prenant de multiples capteurs, au moinsundes 75 calculer la variation d’orientation du systeme
multiples capteurs étant un capteur gyroscopi- MWD entre les deuxiéme et troisieme profon-
que, les données collectées par les capteurs deurs au moyen des variations détectées dans
étant interprétées par des modeles de capteur I'orientation du systeme MWD lorsque le systé-
ayant des parametres de modele de capteur ré- me MWD est déplacé de la deuxiéme profon-
glables, les parametres de modéle de capteur 20 deur a la troisieme profondeur ; et
du modéle de capteur du capteur gyroscopique calculer une orientation calculée du systeme
comprenant des termes de décalage azimutal MWD a la troisieme profondeur au moyen de la
etde déséquilibre de masse, etle systeme MWD variation d’orientation calculée entre les deuxié-
ayant une orientation, I'orientation comprenant me et troisieme profondeurs et de I'orientation
un azimut et une inclinaison ; 25 calculée du systtme MWD a la deuxiéme pro-
positionner le systéeme MWD sur un train de ti- fondeur.
ges de forage ;
positionner le train de tiges de forage a une pre- 3. Procédéselonlarevendication 1, consistanten outre
miére profondeur dans un trou de forage foré a a:
partir d’'un emplacement en surface, la profon- 30
deur étant mesurée de I'emplacement du sys- déterminer une orientation absolue estimée du
teme MWD a I'emplacement en surface, la di- train de tiges de forage a la deuxieme profon-
rection du trou de forage a I'emplacement du deurencombinantles lectures de deux capteurs
systeme MWD étant généralement représentée ou plus des multiples capteurs du systeme MWD
par I'orientation du systeme MWD ; 35 lorsque les capteurs sont fixes ;
déterminer une orientation absolue estimée du calculer une orientation calculée du systeme
train de tiges de forage a la premiére profondeur MWD a la deuxiéme profondeur au moyen de
en combinant les lectures de deux capteurs ou la variation d’orientation calculée entre les pre-
plus des multiples capteurs du systéeme MWD miére et deuxiéme profondeurs et d’une orien-
lorsque les capteurs sont fixes ; 40 tation estimée du systéeme MWD a la premiere
déplacer, par un déplacement du train de tiges profondeur ;
de forage, I'emplacement du systeme MWD comparer l'orientation calculée du systeme
dans le trou de forage d’une premiére profon- MWD a la deuxieme profondeur a I'orientation
deur a une deuxiéme profondeur ; estimée du systeme MWD a la deuxieme pro-
détecterdes variations dans'orientationdu sys- 45 fondeur de maniére a calculer une erreur de
téeme MWD au moyen d’un ou plusieurs capteurs décalage ; et
des multiples capteurs lorsque le systeme MWD régler un ou plusieurs des paramétres de mo-
est déplacé de la premiere profondeur a la dele de capteur réglables d’un ou plusieurs cap-
deuxiéme profondeur ; et teurs des multiples capteurs en réponse a l'er-
calculer la variation d’orientation du systeme 50 reur de décalage ; et éventuellement consistant
MWD entre les premiére et deuxiéme profon- enoutrea:
deurs au moyen des variations détectées dans
I'orientation du systéme MWD lorsque le syste- forer a une troisieme profondeur au moyen
me MWD est déplacé. du train de tiges de forage ; et
55 guider le train de tiges de forage pendant
2. Procédéselonlarevendication 1, consistantenoutre I'opération de forage au moyen de l'au
a: moins un paramétre de modéle de capteur
calculer une orientation calculée du systeme MWD réglé.

1"
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4. Procédéselonlarevendication 1, consistantenoutre

a:

maintenir le systeme MWD immobile ; et
ajuster la dérive du capteur gyroscopique pour
détecter et supprimer les sorties biaisées du
capteur gyroscopique ; éventuellement,

le biais détecté pouvant étre utilisé pour une
évaluation de qualité et/ou une mise a jour de
paramétres de modele et/ou une détermination
d’orientation.

Procédé selon la revendication 1, dans lequel au
moins un des multiples capteurs est un magnétome-
tre et les paramétres de modele de capteur du mo-
déle de capteur du magnétomeétre comprennent des
anomalies magnétiques naturelles et/ou artificielles
affectant le magnétomeétre ; éventuellement dansle-
quel au moins une anomalie magnétique artificielle
comprend un second trou de forage et une distance
entre le systeme MWD et le second trou de forage
est calculée au moyen de données collectées par le
magnétometre le long du trou de forage.

Procédé selon la revendication 1, dans lequel au
moins un des multiples capteurs est un accélérome-
tre et les paramétres de modele de capteur du mo-
dele de capteur de I'accélérométre comprennent un
décalage d’accélération.

Procédé selonlarevendication 1, consistant en outre
a:

déterminer une orientation absolue estimée du
train de tiges de forage a la deuxiéme profon-
deurencombinantleslectures de deux capteurs
ou plus des multiples capteurs du systeme MWD
lorsque les capteurs sont fixes ; et

calculer une orientation calculée du systéme
MWD a la premiére profondeur au moyen de la
variation d’orientation calculée entre les premié-
re et deuxiéme profondeurs et d’une orientation
estimée du systeme MWD a la deuxiéeme
profondeur ; et éventuellement consistant en
outre a :

déplacer, par un déplacement du train de
tiges de forage, le systeme MWD d’une troi-
sieme profondeur a la deuxieme
profondeur ;

détecter des variations dans l'orientation du
systeme MWD au moyen d’un ou plusieurs
capteurs des multiples capteurs lorsque le
systeme MWD est déplacé de la troisieme
profondeur a la deuxieme profondeur ; et
calculer la variation d’orientation du syste-
me MWD entre les troisieme et deuxiéme
profondeurs au moyen des variations dé-

10

15

20

25

30

35

40

45

50

55

12

tectées dans l'orientation du systeme MWD
lorsque le systeme MWD est déplacé de la
troisieme profondeur a la deuxieme
profondeur ; et

calculer une orientation calculée du syste-
me MWD a la troisitme profondeur au
moyen de la variation d’orientation calculée
entre les troisieme et deuxieme profon-
deurs et de l'orientation calculée du syste-
me MWD a la deuxiéeme profondeur ; et
éventuellement consistant en outre a :

déterminer une orientation absolue estimée du
train de tiges de forage a la troisieme profondeur
en combinant les lectures de trois capteurs ou
plus des multiples capteurs du systéeme MWD
lorsque les capteurs sont fixes ;

calculer une seconde orientation calculée du
systeme MWD a la deuxiéme profondeur au
moyen de la variation d’orientation calculée en-
tre les troisieme et deuxiéme profondeurs et de
I'orientation estimée du systéme MWD a la troi-
siéme profondeur ;

comparer la premiere orientation calculée du
systeme MWD a la deuxiéme profondeur a la
seconde orientation calculée du systtme MWD
a la deuxiéme profondeur pour calculer une er-
reur de décalage ; et

régler un ou plusieurs paramétres de modele de
capteurd’un ou plusieurs capteurs des multiples
capteurs en réponse a I'erreur de décalage ; et
éventuellement consistant en outre a :

forer a une quatrieme profondeur au moyen
du train de tiges de forage ; et

guider le train de tiges de forage pendant
I'opération de forage au moyen de l'au
moins un paramétre de modéle de capteur
réglé.

8. Procédéselonlarevendication 1, consistanten outre

a:

déplacer, par un déplacement du train de tiges
de forage, le systeme MWD d’une troisi€me pro-
fondeur a une profondeur proche, la profondeur
proche étant définie comme la profondeur la
plus proche de la troisi€me profondeur parmiles
premiére et deuxiéme profondeurs ;
détecterdes variations dans I'orientation du sys-
teme MWD au moyen d’un ou plusieurs capteurs
des multiples capteurslorsque le systeme MWD
est déplacé de la troisieme profondeur a la pro-
fondeur proche ; et

calculer la variation d’orientation du systeme
MWD entre la troisieme profondeur et la profon-
deur proche au moyen des variations détectées
dans l'orientation du systtme MWD lorsque le
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systeme MWD est déplacé de la troisieme pro-
fondeur a la profondeur proche.

9. Procédéselonlarevendication 8, dans lequell'orien-
tation a 'emplacement proche est connue ; et
calculer une orientation calculée du systeme MWD
a la troisieme profondeur au moyen de la variation
d’orientation calculée du systeme MWD entre les
troisieme et premiére profondeurs et de I'orientation
connue du systeme MWD a la premiére profondeur.

10. Procédé selonlarevendication 1, consistanten outre
a:

déterminer une orientation absolue estimée du
train de tiges de forage a la deuxiéme profon-
deurencombinantleslectures de deux capteurs
ou plus des multiples capteurs du systeme MWD
lorsque les capteurs sont fixes ;

calculer une orientation calculée du systéeme
MWD a la deuxiéme profondeur au moyen de
la variation d’orientation calculée et de I'orien-
tation estimée du systéeme MWD a la premiére
profondeur ;

comparer les orientations estimée et calculée
du systeme MWD a la deuxiéme profondeur de
maniére a calculer une erreur de décalage ;
calculer une orientation calculée du systéeme
MWD a la premiére profondeur au moyen de
I'erreur de décalage et de l'orientation estimée
du systeme MWD a la premiére profondeur ; et
régler un ou plusieurs paramétres de modele de
capteurd’un ou plusieurs capteurs des multiples
capteurs en réponse a l'erreur de décalage ; et
éventuellement consistant en outre a :

forer a une troisieme profondeur au moyen
du train de tiges de forage ; et

guider le train de tiges de forage pendant
I'opération de forage au moyen de l'au
moins un parametre de modele de capteur
réglé.

11. Procédé selonlarevendication 1, consistanten outre
a:

déterminer une orientation absolue estimée du
train de tiges de forage aux premiére et deuxie-
me profondeurs en combinant les lectures de
deux capteurs ou plus des multiples capteurs
du systeme MWD lorsque les capteurs sont
fixes ; ou

danslequell’opération de déplacement consiste
en outre a forer dans une formation terrestre.
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